We study N = 1 supersymmetric Spin(10) chiral gauge theories with a single spinor representation and N vector representations. We present a dual description in terms of an N = 1 supersymmetric SU (N − 5) chiral gauge theory with a symmetric tensor, one fundamental and N antifundamental representations. The Spin(10) theory with N = 0 breaks supersymmetry at strong coupling; we study how this arises at weak coupling in the dual theory, which is a spontaneously broken gauge theory. Also, we recover various known dualities, find new dual pairs and generate new examples of dynamical supersymmetry breaking.
Introduction
For supersymmetry to be relevant to the real world, it must be broken somehow.
Dynamical supersymmetry breaking [1] is one interesting possibility. Until recently, few models with this feature had been found [2, 3] , but now a great many more are known [4] [5] [6] [7] . In the last two years, there has been considerable progress in the understanding of the low-energy dynamics of supersymmetric field theories [8] . The unifying principle in this endeavor is duality [9] : two different gauge theories may have exactly the same long distance physics. But to establish duality, supersymmetry is essential.
In this letter, as well as in [10, 11] , the dynamical breaking of supersymmetry is studied in a theory which exhibits duality. We consider an N = 1 supersymmetric Spin(10) gauge theory. Its matter content consists of N superfields Q in the 10-dimensional (vector) representation and a field P in the 16-dimensional (spinor) 1 representation of the gauge group and it has a tree-level superpotential W = 0.
When N = 0, the classical scalar potential has no flat direction. It was shown in [3] that supersymmetry is broken dynamically on the basis that no plausible low-energy description could be found satisfying the 't Hooft anomaly matching conditions. In [12] , the N = 1 theory was used to prove that no vacuum state exists at weak coupling, consistent with the result of [3] . In this letter, we present new and independent evidence that no vacuum exists at strong coupling either.
To this end, we will study a dual for these Spin(10) theories. The dual "magnetic" theory we propose is, for N ≥ 7, an N = 1 supersymmetric gauge theory with gauge group SU (N − 5), with N matter superfields q in the antifundamental representation, a field q ′ in the fundamental representation, and a field s in the symmetric tensor representation.
There are also elementary gauge singlets M and Y in the dual, to be identified by duality with composite gauge singlets M = Q 2 and Y = QP 2 of the Spin(10) theory. These fields interact via a superpotential W magnetic = det s/µ
, an extra invariant term M 6 Y 2 must be added to W magnetic in order to reproduce known results. The duality presented here is an extension of the one found in [15] for G 2
and Spin(7) (see also [16] for an intermediate step to Spin(8).)
1 SO(10) and Spin(10) have the same algebra, but only the latter has spinor representations.
Spin(10) has two inequivalent complex spinor representations 16 and 16; while 16 ⊗ 16 contains a singlet, 16 ⊗ 16 does not. 2 As emphasized in [9, 13, 14] , the scales µ are crucial for the details of the duality; we will, however, set µ = 1, as our purposes do not require keeping track of them.
Checks of the Duality
The first step to analyze the physics is to find the independent gauge-invariant chiral operators. In the "electric" Spin(10) theory, there are mesons M ij = Q i Q j which are symmetric in their flavor indices i, j = 1, . . . , N , and Y i = Q i P P . M and Y are also present in the magnetic theory, but as elementary fields. There are also a number of baryons or exotics, totally antisymmetric in flavor, namely
, where W α is the gauge superfield strength. There are many consistency checks on this duality. First, as required by duality, the global symmetry of the magnetic theory is the same as that of the electric theory, ). Note that our choice of a basis for the R-symmetry U (1) R is arbitrary. A highly non-trivial check is that the 't Hooft anomaly matching conditions are satisfied at the origin of the moduli space of vacua. The symmetries, holomorphy and weak coupling forbid any dynamically generated superpotential for N ≥ 6, as is clear from the above choice of R-charges (we use the usual convention that the superpotential has R-charge 2.) The symmetries, holomorphy, and smoothness near the origin M, Y, s, q, q ′ = 0 uniquely determine the magnetic superpotential for N > 7.
There is a one-to-one correspondence, preserving all global symmetries, between the gauge-invariant operators (M, Y, B, D n , E n ) of the electric theory and the operators (M, Y, B, D n , E n ) of the magnetic theory. Some of these operators are constrained. In a similar duality mapping [16] we have shown that the mapping of the constraints is consistent, using the chiral anomaly and non-perturbative dynamics. However, we did not perform such checks in detail for the operators here.
For N ≥ 22, the electric theory is not asymptotically free, so it flows to a free theory of Spin(10) gluons and quarks in the infrared, as does the magnetic theory. For 7 ≤ N ≤ 21, we expect, but cannot prove, that the electric and magnetic theories are in a non-trivial interacting superconformal phase at the origin.
To check the duality further, we consider certain deformations. If we give an expectation value Y N = 0 to a component of Y , the Spin(10) group is broken to Spin (7) by the Higgs mechanism. The fields Q N , P are eaten by the massive gauge bosons and N − 1 eight-dimensional spinorsQ of Spin (7) and Y i ; this is the duality expected from [15] . When N = 7, the extra term
W magnetic becomes detM [15] , whereM =Q 2 . The dynamical origin of the terms M 6 Y 2 and detM , which carry two-instanton quantum numbers, is not presently understood.
More dualities
A set of new dualities is found if we go along flat directions with M having rank r. In this case, the electric theory breaks to Spin(10 − r), with spinors in a sixteen-dimensional reducible representation and N − r vectors. In the magnetic theory, the superpotential
One direction is to explore these new theories in detail. Instead, for conciseness, we will mention only two of them here, and show that they match to previously known dualities.
Consider the case r = 1. For convenience, let us take N + 1 vectors Q i , i = 0, 1, . . . , N in the electric Spin(10) theory. Say M 00 = 0. The resulting Spin(9) theory has N vectors and a sixteen-component spinorP . While no mass term for P could be written in Spin(10), a mass term exists forP in Spin (9), namely Y 0 = Q 0 P 2 in terms of Spin (10) fields. When we add Y 0 to the superpotential of Spin (9), the electric theory becomes SO(9) with N vector representationsQ. When we add Y 0 to the magnetic superpotential with N vectors [9, 13] .
For our second example, we will derive one more new dual pair and use it to relate the Spin(10) duality to the Spin(8) duality of [16] . We start with a similar set-up as in the previous paragraph: the Spin (10) We note that by adding singlets to both the electric and the magnetic theories, the duality for Spin(10) as an electric theory is trivially converted into one for SU (N − 5) as the electric theory with the same charged matter content as the above magnetic theory but no singlet fields. Specifically, the dual to SU (N − 5) with fields s, q, q ′ and superpotential W = det s is Spin(10) with fields Q, P , singlets M = qsq, Y =′ , and a superpotential
We now show how to flow to a duality in N = 2 supersymmetric SU (2) gauge theory found in [19] . Consider for the Spin(10) gauge theory the case N = 8. Add to this theory seven gauge singlet fields M 8j , j = 1, . . . , 7. Take the tree level superpotential to be
The result after integrating out the massive fields is a Spin(3) ∼ = SU (2) gauge theory with a tripletQ 8 and eight doubletsP , and with the superpotentialQ 8PP that renders the theory N = 2 supersymmetric (and ultraviolet finite). Now let us study the dual. It is an This magnetic theory also has N = 2 supersymmetry and is isomorphic to the electric one [19] , as expected from Montonen-Olive duality [20] .
Mass perturbations of the Spin(10) theory
We now add to the Spin(10) theory a mass term W = mQQ = mM , where m has rank r. We integrate out the massive vectors and flow to a Spin(10) theory with N − r vectors. In the dual, the operator qsq gets an expectation value of rank r, breaking the color group from SU (N − 5) to SU (N − 5 − r). The duality is clearly preserved when r ≤ N − 8. If r = N − 7, the magnetic gauge group is SU (2), the field s is massive is broken and the magnetic theory confines; but there is no invariant distinction between the confining and Higgs phases in this theory.) We can keep on studying the dual which is a theory of singlets. Alternatively, we can study the electric theory directly using the techniques of [17] . 
on their expectation values, where C is a constant. The 't Hooft anomaly matching conditions are satisfied. In the classical limit Λ electric → 0, we have C → 0 and these constraints follow from Spin(10) Fierz identities. We may further check these constraints in the following two ways. Giving an expectation value M of rank 6 for the fields M that have not been integrated out, we find that the gauge group is broken to Spin(4) ≈ SU (2) L ×SU (2) R ; each gauge group has four doublets P a S (a = 1, 2, 3, 4; S = L, R), coming from the spinor P , whose mesons V 
Dynamical SUSY breaking
We now wish to study supersymmetry breaking. As mentioned in the introduction, it is believed that Spin(10) with one 16 and no 10s breaks SUSY dynamically 4 [3] . This theory has no chiral gauge-invariant operators and thus no flat directions; it is therefore very strongly coupled. Recently, Murayama [12] studied the theory with N = 1. Classically there is a moduli space, which allowed him to study the theory at weak coupling. Under mass and Yukawa coupling perturbations, he showed that SUSY is broken at weak coupling in the Higgs phase. As the mass for the vector goes to infinity, the SUSY-breaking vacuum moves to the origin. There the theory is strongly coupled and theoretical control is lost.
Here, we present new evidence that SUSY is dynamically broken. We study the strong coupling regime of the theory of one spinor and N massive vectors, using the weakly coupled magnetic description. The dual provides the correct degrees of freedom near the origin of the moduli space: the fields M , Y , q, etc. We can look for a supersymmetric vacuum by seeking solutions of the equations of motion for these fields. When small masses are given to all N vectors, these equations have no solution. By holomorphy, we may continue these masses to infinite values without restoring supersymmetry 5 , implying that SUSY is broken in the Spin(10) theory with one spinor and no vectors. 4 We recall that a solution of the 't Hooft anomaly matching conditions for unbroken U (1) R was found in [3] , but was discarded because of its complexity. We see no trace of such a solution in our analysis of the dual theory. 5 Supersymmetry can be restored only on surfaces of complex codimension one in parameter space, so there exist curves along which all masses may be taken to infinity.
We will concentrate on the case N = 6. At this value of N we have a whole moduli space of vacua where the 't Hooft anomaly matching conditions are satisfied, but no magnetic gauge dynamics which could introduce non-perturbative phenomena. The cases 1 ≤ N ≤ 5, where the only vacua are at infinite field expectation values, can be derived from the case N = 6 (using holomorphy.) For N ≥ 7, we may (by holomorphy) take all but six vectors to be very massive; the Higgs mechanism breaks the magnetic gauge group leaving the theory of singlets dual to the case N = 6.
For N = 6, the singlet fields satisfy the two constraints (4.1), which we implement in the superpotential using Lagrange multipliers X 1 , X 2 . Now add to the superpotential mM + yY ; SUSY should be broken for generic values of the coupling y and of the rank six matrix m. We claim the equations of motion for the magnetic superpotential W = One may use other duality transformations to produce more theories that break SUSY.
Consider the magnetic theory for N = 7, which is SU (2) ≈ Sp(1) with eight doublets q and q ′ and with
We now dualize it according to the Sp duality of [9] . We obtain a dual representation which is Sp(1) with eight doublets d and and causing the theory to confine [17] . (In other regions of moduli space the Sp(1) gauge group is broken, but there is no distinction between confining and Higgs phases in this theory.) The spectrum and contraints of the resulting theory of singlets are then identical to the N = 6 theory studied in the previous paragraph, and the analysis for m of higher rank follows immediately.
As another possibility, we can add two singlets X, X (antisymmetric tensors of SU (2)!)
to the magnetic SU (2) theory, with a potential (X X) k ; this does not affect the dynamics.
antisymmetric tensor representation, four flavors of fundamental and antifundamental representations, numerous singlets and a complicated superpotential. The specific dynamics of the resulting SUSY breaking depends on k. Similar tricks may be used to create huge classes of theories that break supersymmetry. Ideas of this type have been illustrated in [10] .
It would be interesting to exhibit duality in a theory that flows down to the SU (2) model with matter in the four-dimensional (spin 3/2) representation which was argued in [5] to break SUSY dynamically.
